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ABSTRACT
A summary is presented of a theoretical and experi-
mencal investigation of the strength of centrally-loaded
columns as influenced by residual stresses and variations
in the yield stress level. It is shown that the basic
strength of structural steel columns containing residual
stresses may be expressed in terms of the tangent modulus.
Approximations suitable for design use are suggested.
Information on both the yield stress level and the magnitude
and distribution of residual stress in structural members
is presented .
,.
•
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1. INTRODUCTION
A research project on the "Influence of Residual Stress
on Column Strength and the Mechanical Properties of Rolled
Shapes" has been in progress at Lehigh University under the
guidance of Research Committee A of the Column Research
Council. This Committee was assigned the task of determining
the relationship between material properties and the strength
of columns, and the first pronouncement of the Council (based
on the recommendation of Committee A) was its Technical
Memorandum No.1 entitled "THE BASIC COLUMN FORNULA". (1)
"This memorandum states that the critical or ultimate failure
load of a column is given by the equation
" 2 E() =1T t
cr
( KL )2
r
. • •. (1)
This formula cannot be applied to steel columns if the
stress-strain relationship is determined from a small coupon
cut from the section. Early work clearly showed this to be
true~ and in later studies completed prior to the time that
( this general investigation was started it was shown that
'l residual stresses might account for differences in column
·r 220A.34 -2
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strength of as much as 30% below that which would be in-
ferred from coupon tests.
The column curve depends upon the stress=strain relation~·
ship. The latter, in turn, is dependent upon two important
factors; these are~ (a) the magnitude and distribution of
residual stresses, and (b) the basic yield stress level of
the material. Therefore, the objectives of the investigation
were: (1) to determine the magnitude and distribution of
residual stresses in columns, and (2) to develop methods of
predicting the influence of these residual stresses on column
strength. As a necessary parallel study, the progr~m included
a determination of the basic yield stress level of the material
of which columns would be fabricated.
The program included tests of coupons of the type per-
formed in the mill, tests of stub columns (short lengths of
full cross sectional area), and column tests. For the same
shapes, residual stresses were measured by the sectioning
technique. Theories were developed for predicting column
strength, and from the measurements made i.t was possible to
obtain a correlation with the theor.y .. Maximum strength I
column formulas could then be written.
220A. -3
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It is the purpose of this report to summarize the find-
ings of the investigation to date and to discuss the signifi-
cance thereof. Reference is made, throughout, to the vari.ous
progress reports that contain the detailed experimental and
theoretical work. This paper is concerned primarily with
~olled wide-flange shapes of ASTM Designation Al structural
steel. A brief discussion of built-up columns (welded and
riveted) and of low-alloy high-strength' steel columns is in-
eluded. The scope is limited to centrally-loaded columns.
2. RESIDUAL STRESSES
-~
(1) Formation of Residual Stresses
Residual stresses are formed in a structural member as
a result of plastic deformations. In rolled shapes these
deformations always occur during the process of cooling from
the rolling temperature to air temperature; the plastic de-
formations result from the fact that some parts of the shape
cool much more rapidly than others causing inelastic de-
formations in the slower cooling portions. (The flange tips
of a WF shape, for· example, would cool more rapidly than
the juncture of flange and web.) The mechanism by which
residual stresses are formed has been described in Refs. 2,
3, and 8.
•-4
•
4 •
;
Residual stresses also are formed as a result of
fabrication operations. The process of cold-bending that
is required in the straightening operation and the process
of cambering both introduce residual stresses due to plastic
.. (3 8)deformation.' Residual stresses are also introduced
during the welding operation as a result of the localized
heat input and resultant plastic deformation. (4)
Thus, plastic deformations are necessary in order that
residual stresses be formed. In hot-rolled or welded members,
the part to cool last is usually 1n a state of tensile resi~
dual stress.
(2) Magnitude and Distribution of Residual Stresses
Methods for determining cooling residual stresses in
plates and for obtaining a quali.tative estimate of stresses
in WF shapes are avai.lable. (3) The magnitude and distribution
of these stresses depend on the shape of cross section,
initial temperature, cooling conditions, and material proper-
ties.
The measurement of residual stresses confirms the trends
predicted theoretically. A considerable number of such
J'
•
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measurements have been made and they permit a good estimate
to be made of the magnitude and distribution of residual
(3,5 )
stresses likely to be encountered in hot~ro11ed WF members.
For the purpose of making these measurements shapes were
selected to have widely differing geometry. Figs. 1a j lb
and 1c present some of the measured results, showing the
magnitude and distribution of stresses across the flange and
web. While the variation is considerable, the general pattern
in the flange is similar. The residual stresses were deter-
mined by the "method of sectioning" described in Ref. 2 •
The magnitude and distribution of residual stresses in
the flanges also may be estimated from the results of a stub-
column test. Refs. 2 and 11 describe these method.s.
Table 1 contains a listing of all shapes studies thus
far. It also contains a summary of all the measurements
made in the program. Table 2 presents the average value of
the residual stress at different positions in the cross
section and gives the variation as well. Insofar
are concerned, the most important of the stresses
as co1umns\
are those \
\
at the flange tips (orc) and from this program of tests the
average compressive stress nr is 12.8 ksi with a maximumv rc
.,
•
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~of 18.7 ksi and a minimum of 7.7 ksi .
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The magnitude of the residual. stres,s at the flange tips
may also be determined indirectly from a stub=column test,
and is the difference between the yield stress level and the
proportional limit. This value ha.s been found to be about
13.0 ksi which agrees well with the measured value of 12.8
ksi noted above. (3)
(3) Variation of Residual Stresses
In addition to average va.lues, Table 2 gives the maximum
and minimum values of measured residual str6sses. Fig. 2a
gives the frequency distribution of flange=tip stress as
determined by actual sectioning. (3) Fig. 2b shows the same
information as determined indirectly from the proportional
limit obtained for the same group of "stub-column" tests. (3)
The variation of residual stress within material from
one ingot is relatively small, but larger variations may
exist between material from different lots. (2)
Theoretical studies sho\<J that cooling residual stresses
are constant along the member except for a distance approxi-
mately equal to the larger cross sectional. dimension at the
'f 220A.,34 -7
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ends. This is due to the uniformity of the shape and its
manuf~cture. Measurements are in agreement with the theory
as shown in Fig. 3. (3) While a trend may exist for the
variation of residual stress as a function of the geometry
of the cross sectional shape, it has not been possible as
yet to show a precise relationship.
(4) Influence of Residual Stress on the Apparent Stress-
Strain Relationship
( As implied above, residual stresses affect the average
\stress-strain relationship of the complete cross section.
Fig. 4 is presented to show this influence diagrammatically.
Fig. 4a shows a short length of a wide-flange shape with a
simplified linear distribution of residual stress in the
flanges. The cutting of a coupon from the flange of the
member would relieve the residual stresses that were present
in the coupon prior to sectioning, and the stress-strain
relationship determined from this coupon would be as shown
by the dashed line in Fig. 4b. If, now, the load is con-
sidered as being applied to the entire cross section con-
taining its residual stresses it is evident that when the
applied stress becomes equal to the difference between
•220A.34 -8
cry and ~c' then yielding will commence at the flange tips.
Thus,
= () - cry rc ••• 0 (2)
#
The superposition of stresses at the "proportional limit" is
shown in Fig. 4c. Yielding occurs when the flange tip
residual stress ~c plus the applied stress op is equal to
cry.
When more load is applied, the average stress and average
strain are no longer proportional to one another and a non-
linear stress-strain relationship results fo~ the section as
a whole. Fig. 4d shows a WF shape with flanges partially
yielded (shown shaded) and the corresponding stress distribu-
tion for ()ave. / ~p. Above the proportional limit and below
the yield stress the strain is given by
1
£. = E • • •• (3)
with a: defined in Fi.g. 4d.. (2) The average stress versusrxo
average strain curve for the entire cross section is shown
in Fig. 4b, it being assumed that the shape is made up of
two rectangles, and that the residual stress distribution
,•
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is linear with rr = 40 ksi, and ~ = 20 ksi.y p
The yield stress level is unaffected by the residual
stresses.
-9
Thus, the effect of residual stress on the stress-strain
relationship is to lower the proportional limit and to cause
the stress=strain diagram to be non-linear beyond that point
and up to the yield stress level. The proportional limit
may be computed from Eq. (2). For a typical WF column
(Af/Aw = 3.0) withey = -34 ksi and with ~c = =13 ksi the
theoretical stress-strain curve is as shown in Fig. 5.
To obtain experimental correlation with the above pre-
dictions, tests and measurements of stub columns have been
made. A typical stub column test is shown in Fig. 6. Typical
results are shown in Fig. 7 which also shows the contrast
with the curve based on coupon tests. Fig. 8 is the stress-
strain curve of the annealed stub column (the residual
stresses have been removed); the comparison with Fig. 7
clearly verifies the influence of residual stresses on the
average stress-strain curve.
Of interest is the fact that the average stress-strain
220A.34 -10
curve, Fig ..5,is nearly identical with the avera.ge stress-
strain curve determined from stub column tests, Fig. 18.
(5) Cold-Bending Residual Stresses
Residual stresses due to cold bending can be predicted
with reasonable accuracy, (3) assuming certain initial cool-
ing stresses and the extent of deformation. Some measure-
ments are shown in Fig. 9. In general, the maximum and
minimum stresses are of the same order of magnitude as the
cooling residual stresses. While the influence on the stresg-
strain curve might be predicted, this has not been done as
studies (described below) show it to be unnecessary.
3. MECHANICAL PROPERTIES
(1) proportional Limit
The general effect of residual stresses on the stress-
strain relationship was discussed in section 4 above. The
p~oportional limit is reduced below that obtained in coupon
tests, and may be computed either from Eq. 2 or may be
measured in a stub column test. Fig. 7 clearly shows this
effect, and further comparisons were made in Refs. 2 and 3.
220A.34 -11
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The average value of the proportional limit is 21.7
ksi as determined indirectly by residual stress measure-
ments in this program of tests. The average value deter-
mined by the offset method from stub column tests is 20.7 ksi,
and the frequency distribution curve for these 40 specimens
is shown in Fig. 10. Since the· offset method was used to
determine the proportional limit (Fig. 10 inset), the actual
value is even lower than 20.7 ksi. It is to be expected
that the stub column proportional limit would be lower than
the value determined indirectly from Eq. 2. In the first
place, the residtikl stresses are probably greater than ,the
measured value bya small amount. Secondly, the flange-tip
values of ~ in Table 1 are averages of measurements on
rc
the four corners and on two sides, and deviations from these
~verages will be reflected in a lowering of the proportional
limit. Small inaccuracies of alignment also influence the
observed proportional limit.
(2) Goupon Strength, Acceptance Tests, Strain Rate and the
Yield Stress Level
The yield stress level may be determined from the results
of an ASTM acceptance test or it may be determined from a
,..
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laboratory coupon test or from the results of a laboratory
stub column test. Factors such as uppe,r yield poi.nt, strain
rate, and the web strength compared with flange strength
cause the yield stress level of a full cross section (stub
column) tested in the laboratory in compression to be markedly
less than the tensile yield point determined in the routine
(2 6)ASTl4 acceptance test. '
Figure 11 illustrates the different stress-strain curves
that may be obtained depending upon the type of test that is
performed and shows diagrammatically the influence of the
various factors as follows:
(1) Starting with curve A, the yield value reported
in a mill-type acceptance test is usually (though
not always.) the upper yield point. Occasionally
specimens will not exhibit an upper yield point
(dashed line, curve B), in which case the yield
stress is usually recorded at a strain of 0.5%.
The upper yield point is from 0% to 10% higher than
the yield stress level.
(2) Comparing curves A and C in Fig. 11, the ASTM
acceptance test usually will show a higher yield
..
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stress level primarily becau,se of the effect of
strain rate. The "static" yield level* of a web
coupon is from 10% to 15% lower than the strength
obtained in the acceptance test. (6)
(3) There is a difference in strength between
the various elements of a rolled shape, the web
b~ing stronger than the flange. Thus the average
yield level of a stub column is lowered still
further in comparison with the mill acceptance
test because the latter is made from the web (com-
pare curves C and D).
(4) Finally, from Fig. 11 it is seen that a stub
column (tested at "zero strain ra.te") reflects the
effect of residual stress upon the stress-strain
curve and averages out the differences between web
and flange material, as shown by curve F.
•
Tests have shown that even a "very slow" laboratory
strain rate used in testing coupons (an elastic strain rate
of one micro-inch per inch per second) can raise the apparent
yield stress level by as much as 5%. (7) The effect of strain
*The-stati~ yield le;e1 is-defined-aS" th; valu; me;-sured-at
a zero strain rate.(6,7)
220A.34 -14
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rate on the yield stress level in a typical tension coupon
test is shown in Fig. 12. From the results of such tests
the relationship shown in Fig. 13 may be obtained. The
measured yield level compared with the static yield level
is shown as a function of the plastic strain rate. Since
the plastic strain rate in a mill test is about 1000 rnicro-
in/in/sec., increases in the yield stress above the static
value may be expected to be as high as 16%.
It is of interest to note that the yield stress level
obtained from a stub ~olumn test agrees well with tests of
tension and compression coupons if the results of the latter
are averaged according to their respective areas in the cross
section, and if both the coupons and the stub column are
tested at the zero strain rate. (6,7) This is shown diagram-
matically in Fig. 11 (compare curves E and F).
A comparison of the results of acceptance tests and of
stub column tests is important in establishing a value for
the yield stress to use in a basic column formula. If this
relationship can be established for a fairly large sample,
then it could be applied with confidence to the larger body
of acceptance test data available in the mills to give a
220A.34 -15
. . reasonable estimate of the actual strength of structural
steel columns. Fig. 14, 15 and 16 show the distribution
of the yield stress as determined by a number of methods
f 11 (2,6,7)as 0 ows:
(1) ASTM acceptance tests in the mill Fig.14 (3124 Specimens)
Fig.15 (3010 Specimens)
Fig.16a ( 35 Specimens)
(2) Simulated ASTM tests
(3) Stub-column tests
(4) Stub~column tests
Fig.16b ( 35 Specimens)
Fig.16c ( 35 Specimens)
Fig.16d ( 47 Specimens)
•
Items (1), (2) and (3) (Fig. 16) are for the same control
group. Comparing Fig. l6a with Fig. l6b shows that the mill
test results may be approximated within about 4% by a labora-
tory test that simulates mill test procedures. The average
val~e of the control group of mill tests (Fig. l6a) was
42.9 ksi with a standard deviation s of 4.4 ksi. Further
comparisons of this type are shown in Refs. 6 and 7.
The average value of the yield stress level determined
in simulated mill tests was 41.2 ksi (Fig. l6b), while the
average strength of the corresponding stub columns (Fig. l6c)
•220A.34
was 34.0 ksi. The average value of the yield stress level
for all stub columns tested in the program was 34.5 ksi
with variations from 24.6 ksi to 43.0 ksi (Fig. l6d).
-16
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The probable ratio of the basic compressive strength
(the static yield stress level) to the "acceptance test"
strength ,..j8S found to be 0.80. In Fig. 17 is plotted the
distribution of the individual ratios of stub column yield
level to mill test "yield point ll • The average is 0.80 with
a minimum of 0.62 and a maximum of 0.92. From this informa-
tion it would be concluded that the static yield stress
level of a wide-flange column averages about 20% less than
the value obtained in the ASTM-type acceptance test. As
pointed out, this difference is due mainly to the strain-
rate effect, but also is influenced by the higher yield
stress of the web and the difference between upper and lower
yield points.
Applying this average ratio <0.80) to the average
value of the mill tests shown in Figs. 14 and 15 (41.7 ksi)
there is obtained a probable compressive strength for this
material of 33.4 ksi. The average value obtained from all
stub columns tested in the program was 34.5 ksi suggesting
•220A.34
that the sample was fairly representative.
--0- 4. CENTRALLY LOADED COLUMNS
1. Influence of Residual Stress on Column Strength
-17
For a column with material exhibiting an idealized
stress-strain curve and free from residual stresses, the
buckling strength is defined by the Euler buckling curve
_t'
c-9- and the yield stress of the material. ee existence of
residual stresses in the cross section reduces the buckling
strength, since there is an early localized yieldiQg at
certain portions of the cross section. This reduction is
greatest when the slenderness ratio is between 70 and 90.
This effect of residual stress may be illustrated by
an example. Consider a column of rectangular cross section
'containing residual stresses, and bending about the weak axis.
To construct the column curve, first the tangent modulus Et
is determined for various stress levels using a stress-strain
diagram such as that shown in Fig. 19a. Then a stress
~vs~ Et curve would be drawn as shown in Fig. 19b. Apply-
ing the tangent modulus formula, Eq. 1, the resulting
column curve of stress -vs- slenderness ratio would be
• 220A.34 -18
obtained, Fig. 19c. The influence of residual stresses
when buckling occurs in the inelastic range is thus seen
by comparing the solid line withthe dashed line obtained
for a member without residual stresses.
Equation 1 is valid only for the special case of a
rectangle bent about the weak axis. proceeding now to a
discussion of the problem of determining the strength of
an actual column, the basic equation for the critical
strength of a column containi~g residual stresses was de-
rived in Ref. 8 and is given by
. • .. (4)
where Ie is the moment of inertia of that portion of the
'-
cross section which remains elastic. (See Fig. 4d, for
example). In terms of the average critical stress, Eq. 4
may be written,
(j =
cr
. • •. (5 )
Eq. 5 is the basic equation for a column containing aXiallY)
symmetric cooling residual stresses. Since the flanges con-
tribute significantly to the flexural resistance, EI, it is
220A.34 -19
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evident that residual stresses in the flanges are of more
pronounced influence on column strength than are residual
stresses in the web.
2. Effect of Flexure Axis
There is a pronounced difference in the behavior of as-
delivered columns that is dependent upon the axis about which
the member bends. Columns of a given slenderness ratio in
the weak direction, allowed to bend in that direction, will
carry less load than columns of the same slenderness ratio
in the strong direction, allowed to bend in that direction.
This difference in behavior may be shown as follows.
For a rectangular section bent about the weak axis the
quantity EI
e
in Eq. 5 may be obtained from (8 )
El~ = Etl .... (6)
and Eq. 5 would reduce to Eq. 1. Equation 6 is also very
nearly true for a WF section bent about its strong axis,
aince the web contributes only a small portion to the moment
of inertia and thus the action is similar to that of two
rectangles (Fig. 4d). However, for the rectangular section
bent about its strong axis and for an H-section bent about
its weak axis, the term EIe will be considerably less than
•
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Etl. Thus the buckling strength will be less than the value
predicted by Eq. 1, and would be computed according to Eq. 5.
Fig. 20 illustrates this difference for an idealized
case (parabolic residual stress pattern, residual stress at
flange edges equal to -20 ksi, residual stress at flange
centers equal to +10 ksi, yield point stress equal to 40 ksi,
effect of web neglected.) The lower curve is for flexure
about the weak axis of an H-section, while the upper curve
is for flexure about the strong axis.
3. Effect of Stress-Strain Relationship
Columns of a material without definite yield level,
and with a continuously curving stress~strain diagram show
an influence of residual. stress for the whole range of L/r.
Although such materials can have much higher buckling
strengths for a shorter column lengths (i.e. L/r 40), for
the medium to long columns the effect of different stress-
strain relationships is quite small, particularly in com-
parison with other effects such as variations in yield
level and in residual stress. (10,15) Figure 21 shows
column curves calculated for logarithmic, parabolic and
idealized stress-strain relationships for individual fibers.
• 220A.34 -21
The column cross section is rectangular with a parabolic
residual stress distribution.
4. Cold-Bending Residual Stresses
The study of the effect of cold-bending residual stresses
on axial column strength indica,tes that for short and medium
~' length cclurnns, these stresses are no more critical than are
( 3 10)
cooling stresses. ' This means that findings based on
members with cooling residual stress patterns will be conserva-
tive when appli~d to straight members whose cooling patterns
have been modified by cold bending. (Fig. 22)
5. The Column Curve
For wide-flange shapes with axially symmetric cooling
residual stresses the solution to Eq. 5 (the column curve)
may be obtained either from residual stress data, or from
the average stress-strain curve obtained in a stub column
(2 11)test.' Both methods are essentially the same, the
solution to Eq. 5 requiring the function relating <rcr and
the geometry of the non-yielded portion of the cross section
at that particular stress, which makes possible a solution
for L/r. The solution will obviously depend on the distri-
bution of residual stress. Reference 2, 7 and 11 give
220A.34 -22
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analytical expressions for this function for certain residual
stress distributions.
The use of stub column data to obtain the column curve
is a somewhat simpler approach. If the usual situation is
assumed for a loaded WF column,namely, that the web does
not yield, (or that when it does the flanges have completely
yielded), then the following equations will hold true: (2)
" ,
- 2/3lex AiE ) Aw EE \-tII = + Aw/3Afx
• 0 •• (7)
E ley = E[ AEt
-
Aw ] 3
ly AfE Af
where Af = area of both flanges of a WF shape and Aw = area
of web.
Since for most WF columns the ratio Af/A
w
is about 3,
Eqs. 7 reduce to
lex
E = E (1.2 l - 0.2)
. . •• (8)
E E ( 4'[_ l)3
3 3
..
•
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where T is given by
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. . .. (9)
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The magnitude of Et is determined by conducting a' stub column
test of a WF shape containing residual stresses, plotting the
average stress-strain curve, and then det'ermining the tangent
at various stress levels.
Fig. 20 was drawn using residual stress data (except
that the effect of the web has been neglected). Figure 23b
has been drawn using the stub column stress-strain curve '
of Fig. 18. In Refs. 2 and 7 the two methods were compared
and were found to be in very good agreement for A7 steel.
Further, the results of tests also correlate well with them.
6. Column Curve Approximations
A simplification to Eqs. 7 or 8 might be desirable for
use as a basis for arriving at design formulas. It will be
noted from Fig. 23b that the curve for buckling in the strong
direction is approximately parabolic in shape and that for
buckling in the weak direction the curve may be approximated
by a straight line. Thus the two solid curves of Fig. 23b
o
• 220A.34 -24
could be replaced by the following relationships, the first
of which is the same form as suggested by Bleich. (9)
(J
xx
•
•
"
?
0- cr (O"y - O"p) jcrp' L L~= ( - ~;r- ) (10)yy Y . _. (-) •• 0 •{( E r r"-' a:p
O"'xx = Oyy = 11
2E (~> 11'~ )(L/r)2
where 0- is the yield stress level and or is the proportionaly p
limit. The latter value could be determined either from stub
column tests or from residual stress measurements using Eq. 2.
A parabolic column curve, tangential to the Euler curve, was
originally proposed by J. B. Johnson(13) in 1893, on the
basis of test results.
As an alternate design procedure,one could set up a
table of Ie values for use in Eq. 5. The variation of
I
Iell with rJ/rfy and flexure axis is shown in Fig. 23 a and is
the information used to arrive at the solid curves of Fig. 230.
Fig. 24 shows column curves for a number of specimens
as determined by the "stub column" method and also the straight
220A,34 -25
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line approximation (Eq. 10) using average values obtained
for this group.* The approximation of Eqo 10 is also shown
in which all of the data in Table 1 has been included. While
the scatter is considerable, the straight-line approximatioh
is evidently a good one.
Fig. 25 shows the results of weak-axis column tests in
comparison with the same straight-line approximation arrived
at from data from all the stub columns tested. The circles
sqow the maximum load the columns carried, not the point of
first bending. The results of annealed columns are also
shown; their strength is clearly above that of the as-delivered
members.
Fig. 26 shows the results of column tests and the para-
bolic approximation of Eqo 10 using, again, the average
propertie.s from all the stub columns tested. Again there
is good correlation. between theory and test.
It is evident, therefore that Eqs. 10, based on residual
~tress and tangent modulus considerations, could form the
basis for design curves. These equations have been replotted
*In this figure, as in many that follow, the information is
presented in non-dimensional form in order to adjust for
variations in ~ and Eo
of
•220A,34 ~26
in Fig. 27 as Eqs. 11, 12 and 13, together with column test
results. All information is presented ona dimensional basis
using
0;, = 33 ksi
ap = 20 ksi *
E = 3D x 103 ksi
in other words, the actual experimental data has been adjusted·
proportionately to these figures, which represent the values
most ~ppropriate as a result of this investigation. (Actually,
the yield stress level, experimentally, was 33.4 ksi, but this
is so close to the specification minimum of 33.0 ksi that the
latter was used as the average value - particularly as the
factor of safety would account for any deviation from this
average.)
The test points for Fig. 27 have been plotted from the
data contained in Figs. 25 and 26, For the above average
values, Eq. 10 takes the form
*Using the approximate values ~p = 20 and a; = 33 gives a
ratio op/~y = 0.606. Frequently a value of~p/~y '= 0.70 has
been used for these curves. This corresponds to ~rc =' 0.30 a;
which is in peak (mode) of the frequency distribution, Fig.2.
OU.~O ~ };:.e£. 12).
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~x 33.0 -4 2 ( L ~ 122) (11)= - 8.80 x 10 . (L/r) I) 00.r
OYy 33.0 0.107 .(L/r) ( L '- 122)
,-- ")
=
-
(l (I 0 0 (1:t.,
""r
() =(J 2.96 x 10
5
( L > 122) (13)=xx yy (L/r)2 o 0 \) ar
In order to simplify the design procedu~e by eliminating
the consideration of flexure axis, B. G. Johnston(14) has
suggested that rrp = 0.5 be used with a parabolic curve, using
-o-y
the single curve for both strong and weak axis bending. The
resulting "CRC curve" is shown in Fig. 27 as Eq. 14,
~r = 33.0 - 9.20 x 10-4 . (L/r)2
in general terms
• . .. (14)
CT =
cr
. (KL/r)2 . . .. (15)
In the past it was common to explain the reduction in
column strength in a region up to L/r = 100 as due to acciden-
tal eccentricities and initial curvature. Such accidental
eccentricities, in fact, were estimated and appear in certain
design formulas. Although the secant type formula is derived
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on the basis of an idealized stress-strain curve with yield
point at the elastic limit (33,000 psi), it asstl.rnes a certain
value for accidental eccentricity. This latter value was
arrived at analytically by correlation with a study of column
tests. Since any correlating column tests must have included
as-delivered specimens that contained residual stresses, the
magnitude of the accidental eccentricity or initial curvature
must necessarily have been arbitrary since a considerable
portion of the reduction in column strength is now known to
be due to the presence of residual stresses rather than
eccentricities.
Thus, design curves for column strength based on the
tangent modulus method modified by the presence of residual
stress, reflect actual conditions rather than a reliance on
assumed irregularities.
5. BUILT-UP MEMBERS
A pilot investigation into the influence of residual
stresses on the behavior of built-up columns has been carried
out. (4) Certain of the findings 'are summarized in the
paragraphs that follow.
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Welded columns will have high residual stresses; this
is particularly true of the tensile residual stresses 0 For
H-shaped members the compressive residual stresses may also
be high. Figure 28 shows residual stresses in a welded H-
sh2pedmember. The tensile stresses approach the yield
value and the compressive stress at the flange tips averages
about 21 ksi. These stresses are compared with those in
rolled shapes and in Universal plates prior to welding, in
Fig. 29. It shows that compressive stresses in welded H-
shaped members may be higher than those in rolled WF shapes •
Compressive residual stresses in universal plates of 5 to
·10 ksi have been observed in flange tips (Fig, 29), (4)
Since the magnitude and distributioncr welded residual
stresses is markedly influenced by the geometry, further
work is required on members with cross-sectional shapes
other than the H-section. It would be expected that the
use of welded H-shape columns would be replaced more fre-
quently in the future by the economical "box l ! section.
Riveted built-up columns have a considerable variation
in residual stresses that is a function of the geometry
•22~A.j4 -30
of the component parts. Fig. 30 shows some measurements
that have been made.
2. Column Strength
The axial column strength of built-up H-shaped columns
can be predicted with reasonable accuracy by the same techni-
ques as were used for rolled shapes with symmetrical cooling
residual stresses (see Section 4-3). The results, correlated
~dtha:ctual column tests,are shown in Fig. 31.
General conclusions regarding the column strength of
built-up members (particularly the welded ones) cannot be
made until further studies are completed. Even though the
strength of th~ welded H-columns was proportionately less
than the riveted or as-rolled columns, i.t is very important
not to draw the conclusion that welded columns usually will
be "weaker" than corresponding rolled shapes. The effect
would be quite different if the cross section were i.n box
form. 'Studies of the effect of cross sectional form are
necessary and are underway.
6. LOW ALLOY HIGH STRENGTH STEELS
A program of tests on high strength low alloy steel
(ASTM A242) has indicated that the column strength of such
'.
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steel can be predicted in the same manner as for A7 steel~15)
The residual stress distribution in rolled shapes is the
same as for A7 steel, the formation of resi.dual stress
being more dependent on shape than on variation of material
properties.
Because of the high yield stress level, the influence
of residual stress on columns of high strength steel is not
as pronounced as on A7 steel as shown in Fig. 32.
7. S~~RY
1. The strength of centrally-loaded steel columns may be
expressed in terms of the tangent modulus Et (Fig. 19). This
modulus depends upon the state of residual stress in the
member.
2. Residual stresses are formed in a structural member
as a result of plastic deformations that occur during cool-
ing after rolling, after welding, or during cold-straighten-
ing operations. For rolled or welded members, the part to
cool last is usually in a tensile state of residual stress
(Figs. 1 and 29).
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• 3 . Insofar as columns are concerned, the most important
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of the stresses are those at the flang~ tips; for rolled
shapes the average compressive stress there is about 13.0 ksi
(Table 2).
4. The effect of residual stress on the stress-strain
relationship is to lower the proportional limit and to cause
the stress-strain diagram to be non-linear beyond that point
and up to the yield stress level (Figs. 5 and 18). The pro-
portional limit for the shapes studies was about 21 ksi (62%
of yield stress level) .
5. Residual stresses reduce buckling strength because of
early localized yield that occurs at certain portions of the
cross section. This reduction is greatest when the slender-
ness ratio is between 70 and 90 and amounts to about 25%
(Figs. 25 and 26). The critical stress in the inelastic
range (rr >U"p) is a function of the moment' of inertia' of
the elastic portion of the cross section (Eq. 5 and Fig. 4d).
6. There is a difference in behavior of as-delivered
columns that is dependent upon the axis about which the
member bends. Columns of a given slenderness ratio bent
about the weak axis will carry less load than columns of
"220A,34 -33
the same L/r bent about the strong axis (Fig, 20), This
is because the highest compressive residual stresses are
found at the tips of the flanges,
7. Factors such as upper yield poi.nt, strain rate, and
difference in strength between web and flange cause the
yield stress level of a full cross section (stub column) to
be about 20% less than the yield point determined in a routine
ASTl'1 acceptance test (Fig, 11). From a "mill test" average
of all data available to date of about 42 ksi, there is ob-
tained a probable compressive strength of about 34 ksi for
. A7 steel.
8. Approximate column formulas which may be adapted for
design use have been developed which agree well with test
results (Fig. 27). If it is desired to take into account
the effect of flexure axis, then two formulas would be
I
necessary (Eqs .11, l2).Otherwise a single curve could be used
(Eq. 15) which provides a good approximation to the theoreti-
cal and experimental results.
9. Cold-bending residual stresses are no more critical
than are cooling stresses. Thus, findings based on members
with cooling patterns may be applied to rolled WF columns.
1 .
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10. Columns built-up by welding will contain tensile
residual stresses close to the yield point (Fig. 28). Com-
pressive stresses may be higher or lower than those that form
due to cooling, depending on the geometry of the cross section.
Although tests of H-shaped welded members exhibit a strength
that is comparatively less than that of a corresponding WF
shape, it might be expected that welded "box" columns would
be somewhat stronger than a corresponding rolled member.
11. Low-alloy, high-strength steels contain residual
stresses whose magnitude and distribution are similar to
those in A7 steel. Since the formation of residual stress
does not depend to the same extent on the magnitude of the
yield stress l~vel as it does on the geometry, the influence
of residual stress on the strength of columns of higher
strength steels is not as pronounced as on columns of A7
steel. (Fig. 32)
12. Column strength is affected by the presence of residual
stress, and is dependent on its magnitude and distribution.
columns of riveted and high-strength steels, for example,
with proportionately smaller magnitudes of compressive residual
stress, have greater strengths than columns of a welded
H-shape of A7 steel. (Fig. 33)
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13. Residual stresses are the major factor affecting the
strength of columns in the intermediate ranges (40 ~ L ~ 120),
r
and design curves for column strength based on the tangent
"
modulus concept, modified by the presence of residual
stresses, reflect actual conditions .
•220A.34
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~pl strain rate in the plastic range
U stress
~cr applied average maximum stress on a column
cr stress at proportional limitp
cry yield stress level
rrys static yield stress (zero strain rate)
~rc residual stress at flange edges
U
rw
residual stress at web center
~ro residual stress at flange center
2. Definitions
Buckling:
-37
Buckling is the process for any structure or part of
a structure to pass from one deflection pattern into
another without a change of load.
Critical Load:
The maximum load a column will carry. It is not co-
incident with the buckling load for an axially loaded
column.
Plastic Strain Rate:
The strain rate in the plastic range. For a coupon
220A.34 -38
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test, the plastic strain rate, unlike the elastic
strain rate, is independent of the elasticity of
the testing machine.
Stub Column:
A short compression test specimen, sufficiently long
for use in measuri.ng the stress~strain relationship for
the complete cross section, but short enough to avoid
buckling in the elastic and plastic ranges.
Yield Point:
The first stress in a material, less than the maximum
attainable stress, at which an increase in strain occurs
without an increase in stress.
Yield Stress:
The stress at which a material exhibits a specified
limiting deviation from the proportionality of stress
to strain.
Yield Stress Level:
The average stress during actual yielding in the plastic
range. It remains fairly constant provided the strain
rate remains constant.
220A.34
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TABLE 1 - TESII' RESULTS
-
. -
---
. _._.- FrOpe· - ! IYield Stress Level ( O"'y) Limit - Res id-e Column Test
Test
._. - '.
(O""p) .. Stress i
NO e
Shape Sim. C .. I Stub Stub (<Jrc)Mill Mill oupon Column Coliimn crcr/cry L/rTest Test- Test --f Test Test·
T-O 8WF31 43.3 41.4 37.3 25.6 ;..13.9
205A-T18 8WF31
-.
0.J9 28(x)
205A-T15 8WF31 : .905 42(x)I
0
T-l 8WF31 37 eO 36.2 28.0 -lIeS
205A-Tll 8WF31 .. .935 56(x)
T-2 8WF31 .4303 4002 . 3708 2502 -12.5 f;
20SA-T25 8WF31 074 82(y) I
T-3 8WF31.;'~ 36 001 3304 2600 - -. ~
T-4 8WF31' 43.3 40.11 3607 27.0 = 900 0815 58(y)
;
T-5 8WF31* 33091 31.4 31.0
T-5 a : 8WF31{r e925 82(y)
T=5 b 8WF31'~r I, 098 ; 58 (y) .
T-6 a 8WF31 -16.1
T=6 b 8WF31 (Aver-
T-6 c 8WF31 age)
T-7 8WF24 3ge8 40.7 36.1 3500 . 26.4 =10.2 .73 84(y)
T-8 a 8WF67 43.0 3705 31~4 31.4 2504 - 9.5 e8l5 85(y)
T-8 b 8WF67 - 8.0
T-9 a 12WF50 42.6 41.3 37.6 35.8 24.0 - 5.5
T-9 b 12WF50 .81 80(y)
T-I0 12WF65 39.7 40·7 38.3 36.6 22.0 -18.7 .76 81(y)
205E-Dl 10WF33 42.9 3Il.4 25.8
205E-D2· 8WF24 39.8 40.4 34.2 33.4
i
_.. -
~<O_"',=-=_ -__...
/
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TABLE 1 - TEST RESULTS (Conti d~)
.. Prop~l
Yield Stress Level (oy) Limit I Reside Column TestTest Shape (O'"p) i StressNo. I (or c)S1m. Stub StubMill Mill Coupon Column Column acr/(fy . L,k'Test Test Test Test Test
205E-D3 lOWF39 . 4J- 0 2 .41.0 35.6 35.9
205E~D4 12WF50 ·4206 42.0 37.2 36.3 I205E~D5 8WF35 40.0 40.8 37.6 36.7205E-D6 10WF21 46.9 48.1 41.6 . 37.2
20SA-T25 4WF13 41.1 39.8 ~10.0 0.78 91(x)
20SA-T28 4WF13 I ·49
118(x)
T-11 6WF15.5 44~O . 41.0 36.4 43.0 20.7 •73 87 (:y) .!
T-12 a 5WF18.5
14202
36.6 33.8 36.7 2705 I ~ 7.7 081 78(y) IT-12 b 5WF18.5 078 80(y) I
T;..12 c+ 5WF18 05 ~1006 095 78(y}
T-12 d 5WF1805
T-13 14WF426 35.9 31.5 28.6 ~1708
T-14 6WF15.5 49 01 -1501
T-15 a 14WF43 41 06 - 805
T-15 b. 14WF43 4106 ~ 805
T~16 36WF150 4700 I ~10~8
T-17 12Jr14 5004 ~ 401
T-19 6WF25 3607 42.2 3500
T-22 10WF66 4608 3808 .32 04 33.2 22.0 082 72(x)
T-23 10WF66 43.9 35.5
T-24 5WF18.5 4808 44.7 41.3 3807 32 03
T-25 14WF111 4500 39.4 32.7 33.0 2~.8
T-26 a 14WF111 43.8 33.9 35.5 16.3 ...14.0 I .73 60(y)
·.T"'26 b 14WF111 1 .58 99(,.)
~:-'!"'=.~:~
N
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o
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TABLE 1- TEST RESULTS (Cont' d.)
I ...,,,,,,,:::,- . - - Prop •Yield Stress Level ( O"""JlJ Limit Column Test
(0"""p) Resid.Test Shape StressNo. Sim. Stub (ore)Mill Mill Coupon Column (JericJy LlrTest Test Test Test
T-27 6WF15.5 51.1 52.1 43.3 43.0 19.7
T-28 SlfF24 47.4 48.5 37.8 39.4 15.0
T-29 8WF31 44.4 48.8 37.9 36.1 29.5
T-30 8WF35 48.3 44.7 35.3 35.9 20.0
T-31 8WF67 33.5 34.7 26.3 26.4 17.5
T-32 10WF33 52.0 44.3 34.3 32.4 21.3
T-33 10WF39 41.9 44.7 34.7 37.2
T-34 12WF50 42.2 43.1 34.4 32.9 16.4
T-35 12WF65 44.3 38.6 33.8 32.6 18.0
T-36 12WF53 44.9 46.3 34.4 35.0 21.7
T-37 12WF53 35.1 40.4 35.2 35.0 22.7
T-38 12WF92 45.7 41.4 33.6 34.4 14.6
T-40 12WF190 34.1 32.9 26.8 24-.6 12.5
T-41 12WF190 39.6 39.2 30.9 30.2 18.9
T-42 14WF53 37.1 36.9 29.6
T-44 14WF61 44.3 35.7 30.6
T-45 14WF61 44.2 42.7 36.3 36.7 27.6
T-46 14WF78 38.4 33.6 29.2 29.4 19.2
T-47 14WF78 42.3 44.2 35.1 35.8 21.0
T-48 14WF142 37.1 38.9 29.3 30.7 18.7
T-49 14WF142 51.2 45.2 38.0 38.7 20.6
T-50 14WF228 38.2 35.2 25.8 16.3
T-52 14WF320 38.5 26.4 22.7
.....-~~."'".....>
• •
TABLE 1 - TEST RESULTS (Concl'd.)
-~. ,
( CJy )
Prop.
Yield Stress Level Limit Column Test(crp) Resid.
Test Sim. Stub Stub StressNo. Shape Mill Mill C.oupon. Column- Column (CJrc ) (Jcr/d'y L,kTest Test Test' Test', Test
T-54 14WF426 38.2 34.1 !
T-56 l6WF88 42.3 38.3 31.4 31.4 12.8
T-57 16WF88 ' 41.6 39.8 34.3 34.4 11.1
T-58 18WFI05 43.1 40.6 30.4 29.8 17.0
T-59 18WFI05 37.7 38.0 32.8 33.0 19.6
249-Rl 35.3 23.7 0.86 80(x)
249-R2 Built- 36.71 37.3 22.5 .89 60(y) ,
249-R3 .80 79(x)
249-Wl up 34.3 13.7 .62 74(x)
249-W2 Column 32.7 12.5 -21.0 .64 55(y) I249-W3 31.71 .50 98(y)
NOTE:
~~ (Shape) "Annealed" mater ial; others, "as delivered"
Yield Stress Level-'(Coupon Test) value means'the weighted average value of
Tension Coupon Test Results," except those marked n1", which are of
Compression Test Results. "Coupon Test" were for the static yield stress
, '
Column Test: "(x)"
f!(y) "
means buckling about strong axis
means buckling about weak axis
..
TABLE 2 - RESIDUAL STRESSES IN WF SHAPES DUE TO COOLING
. - .-
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Flange Edge ( <J"rc ) Flange Center ( arc) Web Center (orw J
Max. Avg. Min. Max. Avg. Min. Max. Avg. Min.
Columns
-7.7 -12.8 -18.7 +16.S 'or 4.7
-4·1 '+18.2 'of- 8.0 -lS.Sd/b ~ loS
Beams
-4.1 7.S -10.8 ot-24.2 ...lS.l tt8.3 8.8 -21.8 -41.0d/b > loS - -
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BASIC COLUMN STRENGTH
By the term, uBasic Column StrengthU is me ant the
strength of a centrally-loaded straight column; w1tk p'V\·~
A research project on the behavior o£ such columns has
been in progress at Lehigh universi ty under the guidance
of Research Committee A of the Column Research Coo neil
and with the further support of National Science Foundation,
Penna. Dept. of Highways and the Bureau of PUblic Roads.
It is the purpose of thi s talk to summarize the
findings of thi. S inv,;tjono We have been prima.rily
rolle spes
cenge~ndwith A,;stee , a though attention has also been
, J
given to welded and riveted bui It-up columns and to XBtJ[«
.. low-alloy high-strength steel. Thi s discussion is
a preliminary to later pap~rs that will discuss the behavior
of members as they are actually found in a structure with
restraints, eccentricities, and applied moments.
The CRC assigned to Commit tee AI the tt\sk o£ determining
the relationship between material properties and the
streng th of columns. The fir st pronouncemen t of the
Council (based on the recommendation of Committee A) was its
Technical Memo. No.1, "The Basic Column Formula". This
memorandum states that the critical or ultimate £ailure
load of a column is given by the tangent modulus formula.
tills formula requires a 19lowledge(Mif,"~ pfO(Wk")
relationship, and ~he first slide
A
of the stress-strain
shows how it is applied.
'\.
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Consider first an ideal coupon free from residual stress.
Since E is constant up to the yie14 stress level, cry, the
Euler formula would apply up ,to that point, ~ the tangent
modulus concept would ~DJIZ:tzJlZdgrix not be relevan t.
Early work has shown that rolled or fabricated shapes
do not behave like ideal coupons. Among other things.
they contain residual stresse~ arxl the _za:.taizpm
yield level may vary across the section. As a result
the stress-strain curve ceases to be linear above a certain
point.
To construct a column curve for such a material, first
the tangent modulus Et would be determined for various stress
levels using the stress-strain diagram at the left. Et is
the slope of the curve. Then a stBess-vs-Et curve wol1d
be drawn as shown in the center. Ei;= EJa until the proportiop.al
limit is reached J afiter which it decreases to zero at ~ 6V-
Applying the tangent-modulus formula, the reSllt:i.ng
column curve of stress-vs-slenderness ratio womd be obtained
as shown at the right.
-2.-
•
•
(..MI(vl 6-t
The influence of d pes1~stFe sees when failure occurs
in t~e inelastic range is thus seen by comparing the solid line
with the dashed line obtained for a member without· such stresses.
In the elastic region residual stresses are of no influence.
220A.34 Abs.
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This slide shows that a "rounded" stress-stJlain diagram
is not a figment of the imagination but is a reality. Stress
is plotted against s~rain for en ideal coupon (dashed) ani
for a"stub column" (solid).
"
•
.'
The column curve depends upon the stress-strain relationship.
The latter, in turn, is dependent upon two important factors~
these are: (a) the magnitude ani distribution of residual stresses
(whi ch callS e a lowering of the proportional limit
ani affect the shape of the curve above «p l, and
(b) the basic yield stress level of the material
practical
(which affects the/upper limit of column strength)
These two variables will now be examined •
220A.34 ~bs. 4
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Residual stresses are formed in a structural member
~
as a rasult of plastic deformations. In rolled",shapes these
deformations always occur during the proeess of cooling from
the rolling temperature to air temperature; the plastic deforma-
tions result from the fact that some parts of the shape cool
inuch more rapidly than others, causing inelastic deformationsI
in the K!IllIEtwgX slower cooling portions.
If there is no plastic deformation ,there are no residual st esses
Slide
----
rolled
This slide shows a/shape during one of the last passes.
Below is the end of a previous maIJXSJl@%zxi.Jllu rolling. As
cooling continues, the tips get black, hard, and resist the
contraction of the hot portion, causing plastic deformations
there.
Slide
-----
Use @
another
Here :tim: beam has cooled Jbm:tZJmx to the point that
the web is qUite dark while the~ flange-web juncture is
quite hot.
Slide
-----
'a'
At a later stage on the cooli~ bed the flange tips
are black, while the web-flange junctur e is red. When thi s
shape cools to room temperature we might guess that the
,
red parts would remain in residual tension and the black parts
in compression.
/
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~his slide of tltypical lt residual s tress patterns shows
that our guess was rather good. In fact, in hot-rolled or
welded members, the part to cool last is usually in a s ta te
of tensile residual stress.
Of the many sets of residual DB asurements that have been
~,.
made, this slide shows the results IikzXlaD." three shapes
of widely differJmg size and geometry. While the variation
is considerable ,the general pattern in the flange is similar.
Insofar as columns are concerned, we will see later that the
most important of the stresses are those at t he flange
tips. The average compressive stress measured there is
about l3,QOO psi •
c1o~With these typical pattel'BS, we are now ready to examine ~feA.
their influence upon the apparent stress-strain relationship.
'.
..
...
22oA.a4 Abs.
Slide __,_Wtl Ji
The ell tting' of a coup on fran the flange of a memb er woUld
relieve the residual stresses that were present prior to
sectioning. Thus the stress-stram. diagram woUld be as
shown by the dashed line in sketch (b) •
6
..
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If' J now J the load is considered as being applied to the
entire crOllS section containing its residual stresses it is
~ be..htM'or wi \\ be fb.~ v~,
evident thatA~ the applied stress becomes equal to the
difference between G\J and () " lhen yielding will corrnn:ence
/ f'G
at the flange tips.
A linear distribution of resjd ual stress has been
indicated. ~s shown in sketch (b) the stress-strain curve
will remain linear so long as the applied stress is
Ie s s than Cf(' •
7
07
. .
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When more load is applied, the average stress and
average strain are nO longer proportional to one another
because of yielding of the flange tips. Thus a non-linear
stress-strain relationship results for the section as
a whole (red). ~he circle in sketch (b) corresponds
to distribution (d).
After XB£ yielding has penetrated across the entire
section (blue) the stress distribution is identtal to
that of a shllpe containing no residual stresses.
In effect they are "wiped out l1 and have no influence on the
yl.ld stress level.
X~aXSSeBz~ ~he"red"portionof bhe stress-strain
diagram in sketch (b), then, reflects the influence of
residual stress. It causes a marked reduction in the
zJlZ8:sUxmHJltlJlsx1l1lUIHZSU lItZPJQtt
. (+0 akvur ?-O ksi)
proportional limit~and a consequent reduction in the
tangent modulus value when this stress is exceeded.
8
220A.34 Abs.
The second important factor influencing the stress-strain
relationship is za the yield stress level.
Slide (G)
9
This slide shows the different values of the yield
stress level that may be obtamed depending' upon the typ e of test
that is performed.
Starting with curve A, the yield value reported in
a mill-type acceptance test is usually the upper yield
point. Occasionally specimens will not exhibit an upper yield
point (curve B) in which case the yield stress is usually
recorded at a strain of 0.5%. The upper yield point is from
o to 10% higher than the yield stress .1e vel.
Comparing curves A and C, the mill test will usually ,_
show a hig~\level primarily because of the effect of strain
rate. stwMK ~he plastic strain rate in a mill test is about
1000 micDo-in/in/sec which results in a yield stress level
for a web coupon that is from 10% to 15% higher that
the "static" value ( measured at zero strain rate).
The web of a WF shape is usually stronger than the(see curve D)
flange (4 to 7%). A web coupon is RK".l~ used in the mill
its
acceptance test because of XKK parallel sides.
Finally it is seen from thi_s slide that a stub column
tested at "zero strainx ra~~ts the effect of residual
'\ W'1i- aJoo
stress upon the stress-strain curve sma~averages out the differences
between the web and flange -- curve F.
Dotted curve E shows that weighted average of ~alues obtaained
in tension tests of web and flange coupons agrees well wit +~b.
220A.34 ~bs. 10
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It 1s eVident,than, that the difference between an acceptance
test and the basic compressive strength is about 20%. It
is due mainly to the strain-rate effect, but is also influenced
by the higher strength of the web and the difference between
upper and lower yield pointse
There is no need to be alarmed about this situation. It has
always existed and has been reported in the literature as early
as~.
In fact, this comparison is an important one for establiShing
a value for the yield stress level to use in a bElsic column
formula. The zaationship has now been eatablished for
a
a representative sampling and can next be applied to ~ larger
body of acceptance test data available txazxmttkxX.WS in the
mills. The average of about 6000 mill tests ~tw«xx4~xkK
:b:x gives about 42 ksi (point to slide)". Applying a 20%
reduction gives 34 ksi -- a value which (coincidentally
and convenientlyll) is close to the sppcification minimum
of 33 ksi. r+ -v.> cko ~ cmlf~ o\obA~ \~ ~ ~
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This is a picture of a typical stub column test.
It is a \4 \If 4-26 shape being compre ssed in the 5-million-
pound testing machine at Lehigh. Thexl1rtt-x load at ~ a ('.]~
0+ ~ tsi.~ lot. ~4~\MA'\iA- \bs Ii
yield stress level~ • Flaking of mill scale
along the flange tips shows clearly the yielding that occurred
\'\S there due to combination of loading stresses and the compressive
3glr residual stresses.
~
The program of tests Zm&xaiB« started with a 4WF3l,
included such shapes as l2WF65 and l4WFlll, and on up to
the heaViest rolled saape -- l4WF426.
Having evaluated the influence of these two
important factors, we are now in a posl tion to
look more closely at the strength of H-shaped columns.
220A.34 Abs.
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Returning to the fir st slide, {the -t~-~;;t-~~~d~l~;-f.-~-~~l~-----r
in which Et is determined directlytrom the stress-strain curve ~
is "precise" only for the special case of a rectangle benl J!
about the weak axis.
It is a good approximation to the strength of a WF column
bent about the strong axis and the weak axis strength may be
expressed in terms of this same value.
Without going into detail, the real key to the solution
lies in a consideration of the moment of inertia of the
yielded cross·:-section.
220A.34 Abs.
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You remember tha t the Euler formula written in terms
13
of load is
p = •
Looking, now, at this partially yielded cross-section,
Et = E for the elastic portion, but Et = 0 for the yielded
tips. In effect we are left with a new cross section whose
reduced moment of inertia Ie is that of the portion which
rem~ins elas tic.
Using this value of the moment of inertia, the column
strength ~m. in the inelastic region may be expressed
in precise form. Since Ie may be expressed in terms of
Et, the availability of a complete average stress-strain
diagram bZJI.};kz~utXZ3ZIUl..fiBCi: gives all the mm information
necessary to estab11sh a column curve.
Since the flanges contribute x~ most significantly
should now be evident Why it
to the flexural rtsistance EI it~mxzBZ~BtzxaaBx~.8iZHBix
XXXBXXK is that residual stresses in the flange tips are
of most pronounced influence on column strength. Yielding
of these tips results in an immediate reduction in Ie (even
though they continue to support the yield load).
When flexure occurs about the weak (y-y) axis, all of l
the materia1 :If.I[ mos t remote 1'rem the neutr a1 axi s is"";evented \ fti\
from contributing to the moment of inertia. baXZlltZlltfamwax J'~
The reduction is not quite so drastic for a column bent about
1'k S~~ ~~,
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J
•
This tendency is also shown in this slide. The lower
curves are for flexure about the weak azia of an H-section,
while the upper curve is for flexure about the strong axis.
The dashed lines in each case represent so-called
"exactll solutions. It will be noted that the curve for buckling
about the strong axis is approximately parabolic in shape and
that for buckling in the weak direction the curve may be
approximated bya straight line.
In fact, all that is needed to construct these curves
is to determine the yield stress level (shown at about 34 ksi)
and the flange-tip compressive residual stress. (Subtracting
from 34ksi the aver age measured value of 13 ksi gives a
proportional limit. of about 21 ksi as shown).
The correlation Ofthheae theoretical considerations
with actual column tests will mow be shown •
220A.34 Abs. 15
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31i de lJr \ l\___ ~I'
This slide shows the results of weak-axis column tests
Iffi)
I
I
i
in comparison with the same straight-line approximation pre-
The results of annealed columns are also shown by
The coordinates are non-dimensionalized in order that variation
in E and ~y coiitl be eliminated in the comparison.
they still remain as functions of cry and~.
r
However,
Their strength is clearly well above that of
i
The· circles show the maximum load the columns carried. I
i
I
i
I
I,
viously.
the solid dots.
the as-delivered members.
220A.34 Abs.
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This slide, similarly·, shows the results .of column tests
(strong axis) and the parabolic approximation of the earlier
.slide • Again there is good· correlation between theory and.
tests.
1j
. I
\
\•
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This is a photograph of one of the columns
under test in the 5-million pound machine at Lehigh.
It is a l4WF111 shape with L/r of about 100.
Up to this point our theory has neglected one
factor that is important for very short columns
---namely, strain-hardening.
17
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Sl:ide __ (Ml)
As shown in this stre ss-strai n diagram,
strain-harden's ai'ter the'lyiel.d ,plateal\-has\~trabout
L- p~c ~~VvJ· '-~', I
elastic l~.it value~ 0/.)S~~~ f,is-\-~ r-
~i3 rS3ulta in a er va Et diagram that i~fE::,g (::; Iff lq •
/V .
stress, Et e 900 ksi, or about one-fortieth ~he value of
different tbaI:lbef-GP@" Instead of Et = 0 at, the yield
'.
e
o
".
The slide which follows has been cons true ted
m:akbg taking into account the strain-hardening influence
upon short co lumns.
220A.34 Abs.
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This is a summary of the work on rolled WF shapes ofA7
a yield of
steel. All tests have been adjusted to/33 ksi and an E
of 30,000 ksl. The point of strain-hardening is indicated
at L/r=20.
The weak-axis curve (straisht line) is shown in red
The strong-axis curve (parabola) is shown in green.
In order to sDnplify the design proced~~QY- e~inat)ng
. ,- ((),.(JJCfwe.r- Uc _
the consideratlcn of flexure axis, Dr. JOhIiftonKnas suggested
that the proportional limit be selected as one-half the
yield level and that it be used in conjunction with a
parabolic curve. ~zsmg)ItZBJ11%J:JIlzKZlltzrizux This single
curve ~ shown in blue, would be used for both stDong and
weak axis bending. It is a fair approximation to both
.
.L
.
of the approximate curves and to the test results •
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Same pilot tests have been performed on
built-up columns, both of the welded type and those
fabricated by riveting.
Slide ~f\.* ~V)
This slide shows a comparison of residual stresses
in WF shapes, in universal plates prior to fabrication, and
in welded and riveted sections.
The as-rolled plates contain significant residual
stresses due to cooling after rolling.
1
®
I
!
i
i
I
I
\
\
\
,
The welding introduces high tensile residual stresses
at the flange-web juncture (they approach the yield value)
and this gives rise to ZEBB compressive stresses that are higher ~
than those encountered for the,~:~lled shapes -- at least for
these tests. ~!I.,.%." r~ ~"~ w1h- ¥,b" ~ Qkt wJj".
The riveted shape has only those stresses than were
present in the angles and plates prior to fabrication --
and these stresses are rather low.
220A.34 Abs. 2l---~
Slide ---~}l")
Eoth theory and tests confirm the results that
would be guessed on the basis of measured residual stresses.
The riveted coJ.umns with low stresses exhibited
relatively higher column strength.
The welded columns with higher compressive residual
stresses at flange tips gave lower strength.(h~
j.-- -" .--:----------connecti0::J~hemagnitude and di.stribution of welding --T
residual stresses are markedly influenced by the geometry. (p)
Further worki..a\W~herefore required on members with cross-sec- "-r
~\JJJft
tional shapes. other than the H-section. It wOtlld---be
.' ~~
expected~hat the use of welded H-shape columns would be
replaced more frequently by "box" sections and these-
would undoubtedly show a higher strength.
220A.34
Slide (R)
----
22
A program of tests on high-strength low-alloy steel
has indicated that the column strength of such steel can be
predicted in' the same manner as for A7 steel. These results
are shown non-dimensionally in this slide to afford a comparison
with A7 steel.
These studies have shown that the magnitude and
distribution is about the same in the two grades of
steel. Therefore, because of the high yield stress
level (55 ksi), the influence of residual stress
on columns of high strength steel is not as pronounced
as on A7 steel.
..
220A.34 Abs
Slide (S)
This final slide gives a comparison and summary of the
strength of pin-ended centrally-loaded columns •
1. Residual stress primarily affects the proportional
limit. op:, ~- ~~ ·
2. The yield stress level represents the upper limit
of column strength.
23
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.
3. Residual stresses in high-strength low-alloy steel
are about the same as in A7 steel. Thus the ~rcentage reduction
in column strength due to this factor is less for the stronger
material.
4. A straight line is a good approximation to the behavior
of A7 rolled WF shapes bent about the weak axis.
5. Riveted H-shapea columns contained variable residual
stresses of relatively low magnitude.' Therefore they reflect
a somewhat stronger curve than rolled shapes.
6. The welded columns with higher compressive residual
stresses showed a lower strength. iuxmIOmllzba~JlBX The
resul ts of further work on the mar e frequently .encountered
"box" type of welded column should show a significant increase
in s tre ng the
7. ika The tangent modulus concept is shown to be the
proper basis for determining the maximum strength of centrally-loaded
pin-ended steel columns
.. . . ... %220 4133
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